Salicylaldehyde, 2-hydroxyacetophenone, and 3,5-dichlorosalicylaldehyde react with 1,2-diaminoethane to give three symmetrical Schiff bases H 2 L 1 , H 2 L 2 , and H 2 L 3 , respectively. With Ru(III) ions, these ligands lead to three complexes: Ru(III)ClL 1 (1), Ru(III)ClL 2 (2), and Ru(III)ClL 3 (3). The purity of these compounds was estimated by TLC technique and microanalysis while their structures were supported by the usual spectroscopic methods such as NMR, infrared, and electronic spectra. The cyclic voltammetry in acetonitrile showed irreversible waves for all three ligands. Under the same experimental conditions, it was proved that the ruthenium is coordinated in the three complexes 1, 2, and 3 showing quasireversible redox systems. The behavior of these complexes and their comparison with cytochrome P450 are investigated using them as catalysts in the presence of molecular oxygen with an apical nitrogen base: 1-or 2-methylimidazole.
Introduction
During the last decade, the tetradentate Schiff base complexes of transition metals have been extensively studied mainly with manganese, iron, cobalt, copper, and nickel [1] [2] [3] [4] [5] while those of ruthenium are relatively less studied [6] . Thus, it was demonstrated that such materials might be involved in several applications such as in catalysis [7] or electrocatalysis [8] by activating many small molecules like carbon dioxide [9] or molecular oxygen [10] . Here, we focus on the electrochemical study and the activation of molecular oxygen using the tetradentate ruthenium-Schiff base complexes, in order to substantially reduce its reduction potential, leading to electrocatalytic systems operating at lower potential values. So, the metabolic role of cytochrome P450 is well known [11] and its metabolic cycle is established [12] . In some steps, molecular dioxygen fixation, water elimination, and peroxo high oxidation state metal (i.e., Fe IV ) and so forth, are involved In all cases, the active form of the coordinated iron ion is axially linked to a sulfur protein. Therefore, a large number of cytochrome P450 oxocomplexes, including the nonporphyrinic ligands such as Schiff base complexes, have been tested for their catalytic activity [13] [14] [15] [16] [17] and their electrocatalytic properties [8, [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Thus, new catalysts deriving from symmetrical tetradentate ruthenium-Schiff base complexes seem to be more and more attractive and efficient in catalysis [27, 28] . These new electrocatalytic systems have been less studied than those currently applied in catalysis [6] .
Manganese(III), iron(III), cobalt(II), and ruthenium(III)-Schiff base complexes are mainly used in indirect electroreductions of halohydrocarbons [29, 30] or molecular oxygen [31] [32] [33] [34] [35] [36] in order to epoxide olefins or to oxidize hydrocarbons. These reactions using electrocatalytic systems could be performed in homogeneous as well as in heterogeneous catalysis. This second case concerns the elaboration 2 Advances in Physical Chemistry of modified electrodes (ME) by covalent grafting of pyrrole or thiophene moieties via the etherification [37] or esterification [38] reactions involving a phenolic group. These materials for electrodes may also be used as amperometric sensors to detect various species: molecular dioxygen [39] [40] [41] [42] and biomolecules like glucose [43] [44] [45] . Several studies have demonstrated the high efficiency of these electrocatalytic systems when operating in heterogeneous catalysis in a chemical-electrochemical pathway using modified electrodes based mainly upon organic polymer films containing the complex species covalently grafted as catalyst [35, 38, 46] .
In this work, three complexes with ruthenium(III) ions are synthesized (Scheme 1) and characterized. Our main aim is to study these complexes as catalysts by cyclic voltammetry in the presence of molecular oxygen and of two axial bases; 1-methylimidazole and its position isomer 2-methylimidazole. Thus, the electrophile character on the metallic center increases when the basicity of the axial base is higher leading to a prompt reaction between oxygen and metal. This electrocatalytic system model of cytochrome P450 is mainly studied in the activation of small molecules among them the molecular oxygen. This study might also be supported by further applications such as epoxidation of olefins or oxidation of hydrocarbons or for other applications.
Experimental

Physical Measurements.
The 1 H NMR spectra of the ligands were recorded with a Bruker AC 300 at 25
• C in DMSO-D 6 as solvent. All chemical shifts are given in ppm using tetramethylsilane (TMS) as internal reference. The IR spectra were recorded using a Perkin-Elmer 1000-FTIR Spectrometer (KBr discs). The UV-visible spectra were obtained with a Unicam UV-300 Spectrophotometer. The microanalysis was performed on "Microanalyseur Flash EA1112CHNS Thermoelectron" (Laboratoire des Sciences Chimiques, Rennes-1 University, France). Cyclic voltammograms were performed with a Tacussel PJT Potentiostat Galvanostat, driven by Pilovit-Num. All measurements were carried out in a 5 mL Metrohm monocompartment cell equipped with a conventional three-electrodes system. The electrodes were polished with diamond paste and rinsed with large amounts of acetone and finally with the solvent. The working electrode was a disc of glassy carbon (5 mm diameter), the counter electrode was a platinum wire, and the reference electrode was a saturated calomel electrode (SCE), and all results are given versus SCE. The solvent was acetonitrile with a 10 −3 mol·L −1 concentration for the studied complexes, and the ionic strength was maintained at 0.1 mol·L with tetra-n-butylammonium perchlorate (TBAP).
Chemicals.
Organic chemicals, solvents, and ruthenium chloride RuCl 3 ·xH 2 O were analytical grade, purchased from Aldrich France and used as received without any further purification except benzoic anhydride because it contains traces of benzoic acid. It was washed with aqueous solution (10%, w/w), a sodium hydrogencarbonate, and recrystallized from a toluene-petroleum ether by dropwise adding of petroleum ether to toluene solution until a neat trouble. Then, the product was left overnight in refrigerator and the solid was recovered by filtration and washed with petroleum ether.
Syntheses of the Ligands.
The ligands were prepared as previously reported in the literature [1, [22] [23] [24] [25] . 60 mg (1 mmol) of diaminoethane in EtOH (8 cm 3 ) was added dropwise to 244 mg (2 mmol) of salicylaldehyde or its derivatives (EtOH, 12 cm 3 ). The mixture was stirred under argon atmosphere at room temperature for 2 hours. In the case of 2-hydroxyacetophenone the reaction was carried out under refluxing conditions for the same time. The resulting product was kept overnight at ca. 4
• C. The solid was filtered, washed several times with diethyloxide, and its purity was checked by TLC using a mixture of CH 2 
Preparation of the Complexes.
The complexes were prepared as described in the literature [47] with a slight modification. A solution of the ligand H 2 L n (n = 1, 2, 3) in absolute EtOH (0.5 mmol, 10 cm 3 ), containing two molar equivalents of KOH, was added quickly to the ruthenium chloride, 0.5 mmol dissolved in 5 cm 3 of absolute EtOH. The mixture was heated for at least 12 h under argon atmosphere and kept overnight at 4
• C. The complex was filtered, washed several times with a MeOH/H 2 O (1 : 1, v/v) mixture previously bubbled with Ar for 20-30 min (in order to avoid the oxygenation of the complex). Moreover, this operation was done as soon as possible in glove box under argon atmosphere for the same reasons. The purity of these complexes was checked by TLC under the same conditions as for the ligands.
Results and Discussion
The main analytical data for the complexes are given in Table 1 .
Molecular Formulae.
The elemental analysis (Table 1) indicated that the molecular formulae of our three complexes 1, 2, and 3 contain the potassium chloride (KCl). These results are similar to those obtained by Taqui Khan et al. [47] because the experimental procedure is almost the same. For the mass spectroscopy analysis, it has only given some fragments without the expected molecular peaks as it was mentioned in the literature [48, 49] . 
Complexes obtained according the reactions pathway. Table 2 : Spectroscopic data FT-IR and UV-Visible of the complexes. All compounds were obtained with the ligand dianion corresponding to the deprotonation of the two phenolic groups. Thus, these complexes of ruthenium appear to be cationic species with chloride anion as counter ion. So, the complexes formulae are supported by the elemental analysis, the spectroscopic data as IR, UV-Vis, and their electrochemical characteristics.
Infrared Spectra.
The main vibration bands observed in the infrared spectra of the ligands and their ruthenium complexes are those of phenol, azomethine, and phenoxy groups ( Table 2) . For the ligands, a vibration band appearing as a broad one in the 3300-3400 cm −1 range indicates the presence of hydroxyl groups with hydrogen bonds. This band disappears in the cases of the corresponding complexes, suggesting the coordination of the metal ion through the O phenolic atoms. The stretching vibration bands of the azomethine group is shifted to lower wavenumbers, indicating that the nitrogen atoms are involved in the coordination [14] [15] [16] [50] [51] [52] [53] leading to OONN tetradentate ligands. On the opposite side, a shift to higher values of the ν(C-O) vibration bands of phenoxy groups was observed, corresponding to the simultaneous strengthening of the electronic density of these bonds and coordination of the oxygen atoms to the metallic center. These results are in good agreement with those reported for similar structures [54, 55] .
Electronic Spectra.
The electronic spectrum of the unsubstituted H 2 Salen, in DMSO, showed two absorption bands at 252 and 316 nm while those of the both remaining ligands H 2 L 2 and H 2 L 3 exhibit three absorption bands between 254 and 398 nm ( Table 2 ). These bands were attributed to the π-π * and n-π * transitions. These free ligands show other absorption bands assigned to the n-π * and n-σ * transitions, respectively [56, 57] . The electronic spectra of the ruthenium(III) complexes showed new absorption bands due to the coordination of the ruthenium ion. This coordination is accompanied by an hypsochromic effect showing that the bands appearing in the 407-467 nm region, assigned to the d-π * charge transfer transitions, are overlapping with π-π * or n-π * transitions of the free ligands. These modifications in positions and intensities of the absorption bands confirm the coordination mode. As well, the molar extinction coefficients maxima ε max is higher only for the tetrachlorinated complex 3 due to the huge electronic delocalisation caused by the presence of the metallic center bridging the two phenolic moieties comforted by the chlorine atoms as mentioned in the literature [56] [57] [58] [59] .
Electrochemical Study
In this study, we have, firstly, recorded the voltammograms of the complexes 1, 2, and 3 under nitrogen atmosphere using two axial bases 1-and 2-methylimidazole. Secondly, the same cyclic voltammetry studies were carried out under oxygen atmosphere.
Under Nitrogen
Atmosphere. The cyclic voltammetry experiments were performed as described using acetonitrile solutions (10 −3 mol·L −1 ) and 10
. In this case, the voltammograms were recorded under nitrogen atmosphere at various sweep rates.
Complexes.
The carbon atoms in our three ruthenium (III)-complexes were numbered according to the structure illustrated by Scheme 2.
The voltamperograms of the complexes 1, 2, and 3 were recorded in the −1000 to +100 mV range. Each of them shows a redox system at the cathodic potentials appearing before −0.75 V corresponding to the redox system of molecular oxygen [60] . In this case, we have only studied the Ru(III)/Ru(II) redox system according to the following equation: (2) , and −0.507 V/SCE (3) These half-wave potentials (E 1/2 = (E pa − E pc )/2), involve E pa and E pc as potential values of oxidation and reduction waves of a redox couple. These E 1/2 values show an obvious shifting to the anodic potentials, caused by the substituents of the H 2 Salen. Thus, the complex 2 is dimethylated at (C 7 , C 7 ) positions while the third one 3 is rather tetrachlorinated at (C 3 , C 3 ) and (C 5 , C 5 ) positions. So, its complex 3, exhibits a withdrawing electronic effect, inducing an E 1/2 = −0.507 V which is significantly shifted to more anodic potentials as usually expected. The corresponding ΔE p = (E pa − E pc ) values are stable around 65-75 mV for all three complexes. Their I pa /I pc ratios increase with increasing sweep rate, converging to 1, suggesting quasireversible redox systems [61, 62] (Table 3) . These results are consistent with the electronic effects due to the substituents such as methyl and chlorine grafted on the H 2 Salen [22] [23] [24] [25] 47] .
Complexes with 1-or 2-Methylimidazole. The addition of an amount of 10
−2 M of a nitrogen base like 1-or 2-Me-im., acting as an axial ligand bound to the metal center 10 −3 M, leads to a well-defined redox system without any significant shift of E 1/2 values. An enhancement of the current peaks I pa and I pc is observed as previously mentioned for iron [63] or manganese complexes [22] [23] [24] [25] .
Under Oxygen Atmosphere
Complexes without Axial
Base. In this case, the reduction wave of the Ru(III)/Ru(II) redox couple appears as two successive waves E pc1 and E pc2 indicating the electroreduction of two species. This may be explained by the following equations:
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− species, which are simultaneously produced by (3) according a monoelectronic transfer.
When the L n Ru(II) species are coordinated to 2-methylimidazole, they exhibit a greater reactivity towards oxygen causing the disappearance of E pc2 to the benefit of E pc1 as illustrated by Figure 3 .
However, for this reason, it is worth noting that such M II -oxygenated species are often usually reduced at the same potential of their formation [18, [21] [22] [23] [24] [25] 63] (Figure 1) . The peak-to-peak separation potentials (ΔE p ) between these two reduction waves (E pc1 , E pc2 ) were estimated to be about 100 mV. Therefore, this behaviour shows a particular reactivity for the Ru(III)-complexes when they are compared to their analogous such as Mn(III)-, Fe(III)-, and Co(III)-complexes. So, this excess of reactivity involving an easy reaction of the Ru(III) species with molecular oxygen was not observed seeing that, to our knowledge, only the divalent form M(II) of these complexes is known as the more reactive species towards the oxygen.
In this case, the redox systems of all these complexes appear always before those of oxygen but their E 1/2 values are very slightly shifted to the more cathodic potentials by about 33-55 mV. For example, the nearer E 1/2 value is that of the complex 1 which is observed at −0.660 instead of −0.622 V under nitrogen atmosphere. So, under the same experimental conditions and under oxygen atmosphere, the superoxide species are exclusively produced as reported by Sawyer et al. [60] . For this reason, all the complexes 1, 2, and 3 (Table 1 : E 1/2 < −750 mV) may be considered as catalysts activating the molecular oxygen like P450 cytochrome [18] . The shape of the voltammograms obtained from these Ru(III)-complexes is represented in Figure 1 .
On these voltammograms, it was observed that the halfwave potential values remain stable under nitrogen or oxygen atmosphere noting that the electroreduction of the metalsuperoxo species occurred at the same potential of their formation as it was already indicated. When varying the scan rate, the cathodic peak currents (I pc ) decrease at low sweep rates leading to the lower I pc (O 2 )/I pc (N 2 ) ratios 1.60 (1), 2.57 (2) and 1.76 (3) at 10 mV s −1 while, at scan rates moderately higher (100 mV s −1 ), they are 3.06, 3.27, and 3.48, respectively. Considering the reversibility of oxygenation reaction for these species, this behavior may be approached to their corresponding manganese(III)-superoxo species [22] [23] [24] [25] .
Complexes with 1-Methylimidazole.
First, under nitrogen atmosphere, the addition of 10 −2 M of nitrogen base like 1-Me-im., acting as an axial ligand, leads to a welldefined redox system without any significant displacement of E 1/2 values. There is, also, a neat enhancement of the peak currents I pa and I pc after the addition of a nitrogen base as 1-methylimidazole [63] . This nitrogen base coordinated to the central metal ion enhances the coordination number and produces an improvement of the electrophilic character on the metal center, and its further reaction with molecular oxygen becomes easier.
Under oxygen atmosphere, the shape of the voltammograms is quite similar to those obtained without 1-methylimidazole except some differences in their wave intensities exhibiting a relative high reactivity of the ruthenium(III)-complexes towards oxygen molecules as illustrated in Figures  1 and 3 . Thus, the E pc1 wave enhancement (3) was noted when comparing these voltammograms with those recorded in the same experimental conditions without nitrogen base. This enhancement involving the reaction of the Ru(II) species with oxygen (3) was estimated to be 10-13% according to the nature of the complex. This behavior is also accompanied by the diminishing of the E pc2 wave up to 28-37% suggesting an accelerating of the chemical reaction between Ru(II) species and oxygen ( Figure 5, way (a) ) when their coordination number is increased by an addition of an amount of 1-methylimidazole (10 equivalents).
The electrocatalytic currents of these three complexes were represented by the ratio I pc O 2 /I pc N 2 values and are 1.75 (1), 2.42 (2), and 1.90 (3). It should be noted that these ratios were calculated by summing the I pc cathodic current (I pc1 + I pc2 ) values obtained in the presence of 1-methylimidazole under oxygen atmosphere. The greater ratios are mainly obtained from an excess of redox properties induced by the σ donor effect of substituents on the metal centre such as those of the two methyl groups, symmetrically grafted on the complex (2) Ru(III)- [7,7 - 
Under these experimental conditions ( Figure 2 ) and Table 3 , all the voltammograms of the complexes give almost similar results. Thus, the redox system of the metallic center Ru(II)/Ru(III) was studied and the electrochemical characteristics obtained as peak-to-peak separation potential ΔE p values, I pc / f (v 1/2 ) and I pa /I pc ratio are consistent with a quasireversible redox couple [61, 62] .
Complexes with 2-Methylimidazole. The addition of 10
−2 M of 2-methylimidazole to the Ru(III) complex 10 −3 M, acting as an axial ligand, induces the same effects as 1-methylimidazole but with a higher speed of the chemical reaction (3) and the disappearance of E pc2 reduction wave (5) to the benefit of E pc1 reduction wave (3) as shown in Figure 3 .
This expresses the relative high reactivity of the ruthenium(II) complex molecules towards oxygen when 1-methylimidazole is replaced with 2-methylimidazole. This result is observed with all our Ru(III)-complexes. This relative reactivity induced by the use of 1-or 2-methylimidazole as apical bases indicates a higher electrophilic character on the metal center leading to a greater accelerating of the oxygen consumption by the Ru(II) species (2). To our knowledge, these results were not reported in the literature, seeing that these complexes were not studied by cyclic voltammetry in the presence of different nitrogen bases. In this case, when adding 1-or 2-Me-im., the speed of formation of the superoxo or peroxo species (peroxidase form) is significantly increased as expressed by the ratios I pc (O 2 )/I pc (N 2 ) in Table 4 . Finally, it must be noted that these oxygenation reactions of ruthenium complexes are reversible when the solutions are bubbled in argon or nitrogen atmosphere, as reported in the literature [22] [23] [24] [25] 63] .
These results may be connected with the high relative basicity of 1-and 2-methylimidazole as previously reported in literature [17] . Moreover, we have also determined the number of electrons that are involved in these electrochem- ical reactions. There are few reports in the literature on these reactions with molecular oxygen, reduced to hydrogen peroxide or water via a two-or four-electron transfer on chemically modified electrodes. The main papers were published by Horwitz et al. [21] and Taqui Khan et al. [47] , Anson et al. [64] [65] [66] , and Chang et al. [67] [68] [69] . Here, we have determined the number of electrons for our ruthenium complexes using coulometry after electrolysis under oxygen atmosphere.
Coulometry Study.
For this study, we have proceeded as reported in the literature [47] . Thus, our three complexes were electrolyzed at controlled potentials in a threecompartment cell (acetonitrile solution) in presence of 1-methylimidazole as an apical base. Before each experiment, a pre-electrolysis was achieved for at least one half hour under nitrogen atmosphere in order to eliminate any electroactive impurities. The number of electrons was finally calculated from the following Faraday equation:
where n is the number of electrons involved in the reaction, and Q the amount of electricity, m, and M are, respectively, the mass of the complex and its molar mass. The results are given in Table 5 . These results suggest that the major part of the compound (75%) was electroreduced according to the first reduction wave E pc1 and only 25% were electrolyzed following the second reduction wave E pc2 . When the 2-methylimidazole is used as an apical base, the complex is exclusively electrolyzed according to the first reduction wave E pc1 with high reactivity of the Ru(II) species towards dioxygen molecules which were subsequently electroreduced by a monoelectronic transfer process (3) . At this level, it seems us important to note this particular behavior, characterizing the high reactivity of Ru(III)-Schiff base complexes when they are compared to their analogs such as the iron(III)- [63] and Mn(III)-complexes [22] [23] [24] [25] with which the metaloxo (M=O) species are almost exclusively formed from the electroreduced M(II)-species.
Complexes with 1-or 2-Methylimidazole and Benzoic
Anhydride. Benzoic anhydride reacts with superoxo intermediates, giving an oxo compound with elimination of one oxygen atom according to the following equation [6, 21, 36, 47] :
When benzoic anhydride is added to the acetonitrile solution of a complex and Me-im, we note a significant enhancement of the cathodic peak current I pc . In the mean time, the anodic peak current is clearly diminishing, showing a loss of reversibility of the Ru(III)/Ru(II) redox system. This is due to an important consumption of the two superoxo
Advances in Physical Chemistry according to (7) and (8) where they are transformed to the corresponding metal-oxo species. As soon as these superoxo species are produced, the electrophilic intermediates (i.e., C 6 H 5 -CO + ) react faster to produce the metal-oxo species [6, 21, 47] . Of course, an important enhancement of the two cathodic peak currents I pc (O 2 ) was observed at each one of the both reduction waves E pc1 and E pc2 as previously indicated. These two waves explain the formation of the ruthenium-oxo species, which could be further involved in the epoxidation of olefins or oxidation of hydrocarbons (Figure 4) . These ruthenium-oxo species are formed at the same potential values than the corresponding superoxo species (E pc1 and E pc2 ). At this important step, the ruthenium-oxo species could transfer their oxygen atom to the substrate leading to an efficient electrocatalytic cycle or they are simply electrochemically reduced to recover their initial form of the ruthenium(III)-complex giving an inefficient electrocatalytic cycle as illustrated in Figure 5 [21] [22] [23] [24] [25] .
The enhancement of the cathodic peak current I pc (O 2 ) expresses a catalytic activity towards oxygen as given by the I pc (O 2 )/I pc (N 2 ) ratio. Figure 4 showed clearly that the I pc (O 2 ) is not influenced by the traces of benzoic acid as observed for their corresponding Manganese(III)-complexes where the electrocatalytic efficiency was seriously affected [22] [23] [24] [25] . The I pc values plotted versus the square root of sweep rates ( Figure 6 ) shows also higher ratios of I pc (O 2 )/I pc (N 2 ) at lower scan rates, suggesting more time to achieve the chemical reaction with oxygen as illustrated in Figure 6 .
Their shapes are typical of a high electrocatalytic activity towards the reaction with oxygen, to produce the metaloxo derivatives which might transfer their oxygen atom to a substrate in the oxidation reactions of hydrocarbons. Thus, as it can be observed in Table 6 Under these experimental conditions and with 1-MeIm. or 2-MeIm., the cathodic peak current ratios I pc (O 2 )/I pc (N 2 ) are remarkably increased particularly at lower scan rates (10 mV s −1 ). This improvement at lower scan rates (10 mV s −1 ) implies a sufficient time to achieve the chemical reaction between ruthenium species and oxygen. These results allow to conclude that the best electrocatalytic currents are obtained, as well, at lower scan rates (10 mV s −1 ) 22.85 (1-MeIm.) and 36.84 (2-MeIm.) for the complex (2). These current ratios I pc (O 2 )/I pc (N 2 ) are fairly higher without any comparison to those obtained with their analogous of manganese, iron, and cobalt already mentioned. Regarding the complex 3, it shows current ratios I pc (O 2 )/I pc (N 2 ) relatively lower, but they should be more efficient towards olefins epoxidation for their robustness, acquired by the chlorine atoms grafted on the ligand as yet reported in the Advances in Physical Chemistry literature for the polyhalogenated Schiff base [22] [23] [24] [25] 63] or porphyrinic complexes [70, 71] . Thus, the Ru(III) and Ru(II) species may develop an important and particular reactivity towards molecular oxygen as in the diverse systems of P450 cytochrome [72] .
Conclusion
In this work, we have showed that the Ru(III)-species develop a particular reactivity towards molecular oxygen in comparison to their corresponding analogs species of manganese(III), iron(III), and cobalt(III). These latter complexes exhibit a reactivity quite similar towards oxygen when they are in their divalent form M(II). In this case, it was also revealed that the formation of byproducts such as μ-oxodimers are advantageously avoided with the Ru(III)-complexes. In the presence of benzoic anhydride, the electrocatalytic currents I pc (O 2 )/I pc (N 2 ) are remarkably exalted particularly when 2-methylimidazole is used and they are seven times greater than their Mn(III)Cl-Salen analogs. Therefore, these Ru(III)-complexes can work as good catalysts in biomimetic oxidation or as oxygen sensors operating with high sensitivity.
